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The carB gene of Escherichia coli: A duplicated gene coding for the
large subunit of carbamoyl-phosphate synthetase

(DNA sequence/primary structure/gene duplication/protein evolution)
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Communicated by Alton Meister, April 13, 1983

ABSTRACT  Previous genetic and biochemical studies indi-
cate that the carB gene of Escherichia coli codes for the large sub-
unit of carbamoyl-phosphate synthetase (EC 6.3.5.5). We have
determined the nucleotide sequence of a 4-kilobase-pair cloned
fragment of E. coli DNA with genetic determinants for carB. The
DNA sequence is a 3,219-nucleotide-long reading frame. The
polypeptide encoded by this reading frame has been verified to
be the large subunit of carbamoyl-phosphate synthetase. The gene
product is similar to the large subunit in its molecular weight, amino
acid composition and amino-terminal residue, and carboxyl-ter-
minal sequence. The amino acid sequence derived from the nu-
cleotide sequence shows a highly significant homology between
the amino- and carboxyl-terminal halves of the protein. We pro-
pose that the carB gene was formed by an internal duplication of
a smaller ancestral gene.

Carbamoyl phosphate is a common intermediate of the arginine
and pyrimidine biosynthetic pathways. In Escherichia coli and
other bacteria, the synthesis of this compound is catalyzed by
asingle enzyme, carbamoyl-phosphate synthetase (EC 6.3.5.5).
Eukaryotes generally have two different synthetases, one spe-
cific for the arginine pathway and the other for the pyrimidine
pathway (1). Comparison of the molecular weights and subunit
structures of the various carbamoyl-phosphate synthetases sug-
gests their genes could have evolved through gene duplication
and gene fusion.

The E. coli carbamoyl-phosphate synthetase has been shown
to be composed of two different subunits. The smaller subunit
(M, = 42,000) promotes hydrolysis of glutamine, the donor of
the amino group (2). Ammonia formed from glutamine is used
to synthesize carbamoyl phosphate by the large subunit (M, =
130,000) (2). The small and large subunits of the E. coli enzyme
are encoded by the carA and carB genes, respectively (3, 4).
The two genes are genetically linked (4) and have recently been
cloned (5, 6).

In studies described in the present communication, a re-
combinant plasmid with the car operon has been used to se-
quence the gene for the large subunit. The gene consists of a
3,219-nucleotide-long open reading frame coding for a protein
of M, 117,710. The amino acid sequence of the large subunit
derived from the gene sequence reveals that the amino and car-
boxyl halves of the protein are highly homologous. Based on
this internal homology, we conclude that the carB gene arose
as aresult of an internal duplication of a smaller ancestral gene.

MATERIALS AND METHODS

Bacterial Strains and DNA. The car operon was first isolated
in the phage AdcarAB37-9 (5, 6). The presence of the genes for
the large and small subunits of carbamoyl-phosphate synthe-
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Fic. 1. Restriction map of the carAB insert of pMC40. E. coli chro-
mosomal DNA is indicated by the thin line (——) and is ~6 kbpin length,
A DNA is shown by the sawtooth line (), and the pBR322 vector is
shown by the dark bars (mm). The arrows indicate the direction and the
lengths of the sequences obtained. The limits of the carB gene within
the sequenced region are indicated by the open bar (). The large arrow
indicates the direction of transcription.

tase was confirmed by in vivo and in vitro complementation (5-
7). The recombinant A phage was also shown to direct synthesis
of both carbamoyl-phosphate synthetase subunits in a cell-free-
coupled transcription-translation system (8). The car operon was
subcloned by insertion into the HindIII site of pBR322 and was
provided to us by Marjolaine Crabeel and Nicolas Glansdorff.
E. coli strain 58.161 (recA carB8 thr™ metB) carrying recom-
binant plasmid pMC40 with the adjacent carAB genes was grown
in LB broth supplemented with 20 ug of ampicillin per ml.
Plasmid DNA was isolated by the cleared lysate method (9) and
was purified by cesium chloride equilibrium centrifugation.
DNA Sequence Analysis. pMC40 was digested with HindIII,
which cleaves the plasmid into two fragments of 6.3 and 4.4
kilobase pairs (kbp) (Fig. 1). The 6.3-kbp fragment represent-

Abbreviation: kbp, kilobase pair(s).
*On leave from the Dept. of Biology, Okayama Univ., Okayama, Japan.
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+
CACGACGCCGCGCCGTTGTTCGACCACTTTATCGAGTTAATTGAGCAGTACCGTAMACCGCTAAGTAATCAGGAGTAMAGAGCC ATG ééz ﬁi EE? Kg;

asp ile lys ser ile leu ile leu gly ala gly pro ile val ile gly gln ala cys glu phe asp tyr ser gly ala gln

GAT ATA AAA AGT ATC CTG ATT CTG GGT GCG GGC. CCG ATT GTT ATC GGT CAG.GCG TGT GAG TTT GAC TAC TCT GGC GCG CAA
100

ala cys lys ala leu arg glu glu gly tyr arg val ile leu val asn ser asn pro ala thr ile met thr asp pro glu

GCG TGT AAA GCC CTG CGT GAA GAG GGT TAC CGC GTC ATT CTG GTG AAC TCC AAC CCG GCG ACC ATC ATG ACC GAC CCG GAA

met ala asp ala thr tyr ile ;1'1;" pro ile his trp glu val val arg lys ile ile glu lys glu arg pro asp ala val

ATG GCT GAT GCA ACC TAC ATC GAG CCG ATT CAC TGG GAA GTT GTA CGC AAG ATT ATT GAA AAA GAG CGC CCG GAC GCG GTG

leu pro thr met gly gly gln thr ala leu asn cys ala lezuooglu leu glu arg gln gly val leu glu glu phe gly val
CTG CCA ACG ATG GGC GGT CAG ACG GCG CTG AAC TGC GCG CT§ GAG CTG GAA CGT CAG GGC GTG TTG GAA GAG TTC GGT GTC
thr met ile gly ala thr ala asp ala ile asp lys ala glu asp arg arg. arg phe asp ':'?;l ala met lys lys ile gly
ACC ATG ATT GGT GCC ACT GCC. GAT GCG ATT GAT AAA GCA GARA GAC CGC CGT CGT TTC GAC GTA GCG ATG AAG AAA ATT GGT
leu glu thr ala arg ser gly ile ala his thr met glu glu ala leu ala val ala ala asp val gly phe pro cys isloea
CTG GAA ACC GCG CGT TCC GGT ATC GCA CAC ACG ATG GAA GAA GCG CTG GCG GTT GCC GCT GAC GTG GGC TTC CCG TGC ATT

ile arg pro ser phe thr met gly gly ser gly gly gly ile ala tyr asn arg glu glu phe glu glu ile cys ala arg
ATT CGC CCA TCC TTT ACC ATG GGC GGT AGC GGC GGC GGT ATC GCT TAT AAC CGT GAA GAG TTT GAA GAA ATT TGC GCC CGC

gly leu asp leu ser pr?:“tht lys glu leu leu ile asp glu ser leu ile gly trp lys glu tyr glu met glu val val
GGT CTG GAT CTC TCT CCG ACC AAA GAG TTG CTG ATT GAT GAG TCG CTG ATC GGC TGG AAA GAG TAC GAG ATG GAA GTG GTG

arg asp lys asn asp asn cys ile ile val cys ser 71'01e glu asn phe asp ala met gly ile his thr gly asp ser ile
CGT GAT AAA AAC GAC AAC TGC ATC ATC GTC TGC TCT ATC GAA AAC TTC GAT GCG ATG GGC ATC CAC ACC GGT GAC TCC ATC

thr val ala pro ala gln thr leu thr asp lys glu tyr gln ile met arg asn afleao ser met ala val leu arg glu ile
ACT GTC GCG CCA GCC CAA ACG CTG ACC GAC AAA GAA TAT CAA ATC ATG CGT AAC GQC TCG ATG GCG GTG CTG CGT GAA ATC

gly val glu thr gly gly ser asn val gln phe ala val asn pro lys asn gly arg leu ile val ile glu n?eof:o asn pro
GGC GTT GAA ACC GGT GGT TCC AAC GTT CAG TTT GCG GTG AAC CCG AAA AAC GGT CGT CTG ATT GTT ATC GAA ATQ AAC - CCA.

arg val ser arg ser ser ala leu ala ser lys ala thr gly phe pro ile ala lys val ala ala lys leu ala val gly
CGC GTG TCC CGT TCT TCG GCG CTG GCG TCG AAA GCG ACC GGT TTC CCG ATT GCT AAA GTG GCG GCG AAA CTG GCG GTG GGT

tyr thr leu asp'&iﬂ leu met asn asp ile thr gly gly arg thr pro ala ser phe glu pro ser ile asp tyr val val
TAC ACC CTC GAC @AA CTG ATG AAC GAC ATC ACT GGC GGA CGT ACT CCG GCC TCC TTC GAG CCG TCC ATC GAC TAT GTG GTT

1100
thr lys ile pro arg phe asn phe glu lys phe ala gly ala asn asp arg leu thr thr gln met lys ser val gly glu

ACT AAA ATT CCT CGC TTC AAC TTC GAA AAA TTC GCC GGT GCT AAC GAC CGT CTG ACC ACT CAG ATG AAA TCG GTT GGC GAA

val met ala ile gly arg thr gln gln glu ser leu gln lys ala leu a}éogly leu glu val gly ala thr gly phe asp
GTG ATG GCG ATT GGT CGC ACG CAG CAG GAA TCC CTG CAA AAA GCG CTG CGC GGC CTG GAA GTC GGT GCG ACT GGA TTC GAC

pro lys val ser leu asp asp pro glu ala leu thr lys ile arg arg glu leu lys asp ala gly alalggg arg ile trp
CCG AAA GTG AGC TG GAT GAC CCG GAA GCG TTA ACC AAA ATC CGT CGC GAA CTG AAA GAC GCA GGC GCA GAT CGT ATC TGG

tyr ile ala asp ala phe arg ala gly leu ser val asp gly val phe asn leu thr asn ile asp arg trp phe leu val
TAC ATC GCC GAT GCG TTC CGT GCG GGC CTG TCT GTG GAC GGC GTC TTC AAC CTG ACC AAC ATT GAC CGC TGG TTC TG GTA
gln ile ;;:oglu leu val arg leu glu glu lys val ala glu val gly ile thr gly leu asn ala asp phe leu arg gln
CAG ATT GAA GAG CTG GTG CGT CTG GAA GAG AAA GTG GCG GAA GTG GGC ATC ACT GGC CTG AAC GCT GAC TTC CTG CGC CAG

1500
leu lys arg lys gly phe ala asp ala arg leu ala lys leu ala gly val arg glu ala glu ile arg lys leu arg asp

CTG AAA CGC AAA GGC TTT GCC GAT GCG CGC TTG GCA AAA CTG GCG GGC GTA CGC GAA GCG GAA ATC CGT AAG CTG CGT GAC

1600
gln tyr asp leu his pro val tyr lys arg val asp thr cys ala ala glu phe ala thr asp thr ala tyr met tyr ser

CAG TAT GAC CTG CAC CCG GTT TAT AAG CGC GTG GAT ACC TGT GCG GCA GAG TTC GCC ACC GAC ACC GCT TAC ATG TAC TCC
thr tyr glu glu glu cys glu ala asn pro ser thr asp arg glu lys ile met val leu gly ;pyogly pro asn arg ile
ACT TAT GAA GAA GAG TGC GAA GCG AAT CCG TCT ACC GAC CGT GAA AAA ATC ATG GTG CTT GGC GGC GGC CCG AAC CGT ATC

gly gln gly ile glu phe asp tyr cys cys val his ala ser leu ala leu arg glu asp gly tyr glu thr ile met val
GGT CAG GGT ATC GAA TTC GAC TAC TGT TGC GTA CAC GCC TCG CTG GCG CTG CGC GAA GAC GGT TAC GAA ACC ATT ATG GTT

1800
asn cys asn pro glu thr val ser thr asp tyr asp thr ser asp arg leu tyr phe glu pro val thr leu glu asp val

AAC TGT AAC CCG GAA ACC GTC TCC ACC GAC TAC GAC ACT TCC GAC CGC CTC TAC TTC GAG CCG GTA ACT CTG GAA GAT GTG

leu glu ile val arg ile gluI;;g pro lys gly val ile val gln tyr gly gly gln thr pro leu lys leu ala arg ala
CTG GAA ATC GTG CGT ATC GAG AAG CCG AAA GGC GTT ATC GTC CAG TAC GGC GGT CAG ACC CCG CTG AAA CTG GCG CGC GCG
leu glu ala ala gly val pro val ile gly thr ser pto’:;; ala ile asp arg ala glu asp arg glu arg phe gln his
CTG GAA GCT GCT GGC GTA CCG GTT ATC GGC ACC AGC CCG GAT GCT ATC GAC CGT GCA GAA GAC CGT GAA CGC TTC CAG CAT

ala val glu arg leu lys leu lys gln pro ala asn ala thr val thr ala ile glu nééogla val glu lys ala lys glu
GCG GTT GAG CGT CTG AAA CTG AAA CAA CCG GCG AAC GCC ACC GTT ACC GCT ATT GAA ATG GCG GTA GAG AAG GCG AAA GAG

2200
ile gly tyr pro leu val val arg pro ser tyr val leu gly gly arg ala met glu ile val tyr asp glu ala asp leu
ATT GGC TAC CCG CTG GTG GTA CGT CCG TCT TAC GTT CTC GGC GGT CGG GCG ATG GAA ATC GTC TAT GAC GAA GCT GAC (;TG

arg arg tyr phe gln thr ala val ser val ser asn-asp ala pro val leu leu asp his phe leu asp asp ala val glu
CGT CGC TAC TTC CAG ACG GCG GTC AGC GTG TCT AAC GAT GCG CCA GTG TTG CTG GAC CAC TTC CTC GAT GAC GCG GTA GAA
val asp val asp. ala :’.;;ocys asp gly glu met val leu ile gly gly ile met glu his ile glu gln ala gly val his
GTT GAC GTG GAT GCC ATC TGC GAC GGC GAA ATG GTG CTG ATT GGC GGC ATC ATG GAG CAT ATT GAG CAG GCG GGC GTG CAC
2600
1y asp ser ala cys ser leu pro ala tyr thr leu ser gln glu ile gln asp val met arg gln gln val gln lys
?EE zG% GAC. TCC GCA TGT TCT CTG CCA GCC TAC ACC TTA AGT CAG GAA ATT CAG GAT GTG ATG CGC CAG CAG GTG CAG AAA
2500 .
1 1, he glu leu gln val arg gly leu met asn val gln phe ala val lys asn asm glu val tyr leu ile glu val
C?E ECE gTC gAA TTG CAG GTG CGC GGC CTG ATG AAC GTG CAG TTT GCG GTG AAA AARC AAC GAA GTC TAC CTG ATT GAA GTT
2600
ro arg ala ala arg thr val pro phe val ser lys ala thr gly val pro leu ala lys val ala ala arg val met
Z:E ECG CG% GCG GCG CGT ACC GTT CCG TTC GTC TCC AAA GCC ACC GGC GTA CCG CTG GCA AAA GTG GCG GCG CGC GTG ATG

1. 1y lys ser leu ala glu gln gly val thr lys glu val ile pro pro tyr tyr ser val lys glu val val leu pro
EC? gGg AXA TCG CTG GCT GAG CAG GGC GTA ACC AAA GAA GTT ATC CCG CCG TAC TAC TCG GTG AAA GAA GTG GTG CTG CCG

(Fig. 2 continues on next page.)
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2700
phe asn lys phe pro gly val asp pro leu leu gly pro glu met arg ser thr gly glu val met gly val gly arg thr

TTC AAT AAA TTC CCG GGC GTT GAC CCG CTG TTA GGG CCA GAA ATG CGC TCT ACC GGG GAA GTC ATG GGC GTG GGC CGC ACC

2800
phe ala glu ala phe ala lys ala gln leu gly ser asn ser thr met lys lys his gly arg ala leu-leu ser val arg

TTC GCT GAA GCG TTT GCC AAA GCG CAG CTG GGC AGC AAC TCC ACC ATG AAG AAA CAC GGT CGT GCG CTG CTT TCC GTG CGC
2900

glu gly asp lys glu arg val val asp leu ala ala lys leu leu lys gln gly phe glu leu asp ala thr his gly thr

GAA GGC GAT AAA GAA CGC GTG GTG GAC CTG GCG GCA AAA CTG CTG AAA CAG GGC TTC GAG CTG GAT GCG ACC CAC GGC ACG

ala ile val leu gly glu ala gly ile asn pro arg leu val asn lys val his glu gly arg pro hggogle gln asp arg
GCG ATT GTG CTG GGC GAA GCA GGT ATC AAC CCG CGT CTG GTA AAC AAG GTG CAT GAA GGC CGT CCG CAC ATT CAG GAC CGT

ile lys asn gly glu tyr thr tyr ile ile asn thr thr ser gly arg arg ala ile glu asp ser arg val ile arg arg
ATC AAG AAT GGC GAA TAT ACC TAC ATC ATC AAC ACC ACC TCA GGC CGT CGT GCG ATT GAA GAC TCC CGC GTG ATT CGT CGC

ser alaaigg gln tyr lys val his tyr asp thr thr leu asn gly gly phe ala thr ala met ala leu asn ala asp ala
AGT GCG CTG CAA TAT AAA GTG CAT TAC GAC ACC ACC CTG AAC GGC GGC TTT GCC ACC GCG ATG GCG CTG AAT GCC GAT GCG

3200

thr glu lys val ile ser val gln glu met his ala gln ile lys
ACT GAA AAA GTA ATT TCG GTG CAG GAA ATG CAC GCA CAG ATC AAA TAA TAG CGTGTCATGGCAGATATTTTTCATCCGCTAATTTGATCG

AATAACTAATACGGTTCTCTGATGAGGACCGTTTT]TTTTGCCCATTAAGTAAATCTTTTGGGGAATCGATATTTTTGATGACATAAGCAGGATTTAGCTCACACTTA
3400 .
TCGACGGTGAAGTTGCATACTATCGATATATCCACAATTTTAATATGGCCTTGTTTAATTGCTTCAAAACGAGTCATAGCCAGACTTTTAATTTGTGAAACTGGAGTT
0
CGTATGTGTGAAGGATAT&%TEAAAAACCACTCTACTTGTTAATCGCCGAATGGATGATGGCTGAAAATCGGTGGGTGATAGCAAGAGAGATCTCTATTCATTTCGAT

Proc. Natl. Acad. Sci. USA 80 (1983)
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F16. 2. Nucleotide sequence of the carB gene. The sequence is that of the nontranscribed strand. The carB gene begins at nucleotide +1 and
ends at nucleotide +3,219. A Shine—Dalgarno sequence (A-G-G-A-G), Pribnow box (T-C-G-A-G-T-T), and RNA polymerase binding site (C-G-T-T-
G-T-T-C-G-A-C-C) upstream of the ATG initiation codon are underlined. The arrow ( | ) denotes the start site of the message. At nucleotide +3,300,
a sequence with dyad symmetry (underlined) indicates a site with features of transcriptional termination.

ing the entire insert in the pBR322 vector was separated and
isolated on preparative agarose gels. The purified fragment was
further digested with either EcoRI, Dde I, or Acc I with BstEIL.
The resultant fragments were also purified by electrophoresis
on preparative agarose gels. The fragments obtained from these
digests were cleaved with restriction endonucleases and were
5’-end labeled and the single strands were obtained by elec-
trophoresis on polyacrylamide gels (10). Sequence analysis of
the isolated single strands was performed according to Maxam
and Gilbert (10).

Isolation of the Large Subunit of Carbamoyl-Phosphate
Synthetase. Purified E. coli carbamoyl-phosphate synthetase
was dissociated with 1 M KSCN, and the large and small sub-
units were separated on Sephacryl $-300 (2).

Amino- and Carboxyl-Terminal Analyses. The NH;-termi-
nal residue of the large subunit was dansylated according to the
method of Gros and Labouesse (11). After hydrolysis, the amino
acid derivatives were identified by chromatography on polyam-
ide sheets as described by Woods and Wang (12). The carboxyl-
terminal sequence was determined by digestion of the protein
with carboxypeptidase B, phenylmethylsulfonyl fluoride-treated
carboxypeptidase A, and a mixture of the two (13). Products
released from autodigestion were corrected with a control con-
taining all components except the large subunit.

RESULTS

DNA Sequence of the carB Gene. The nucleotide sequence
of the carB gene was derived from the 6-kbp insert of pMC40
(Fig. 1). Almost the entire sequence of both strands was ob-
tained by using the restriction sites shown in Fig. 1 for 5'-end
labeling. All of the labeled sites were crossed from distal sites.
The nucleotide sequence presented in Fig. 2 represents ap-
proximately two-thirds of the cloned fragment. This sequence
has a continuous reading frame of 3,219 nucleotides. None of
the other five registers of the sequence revealed reading frames
longer than about 300 base pairs. The 3,219-nucleotide reading
frame starts with an ATG initiation codon at nucleotide +1 and
ends with two consecutive termination signals (TAA TAG). A
Shine-Dalgamo (14) ribosome binding site (A-G-G-A-G) is found
at —15to —11 of the initiation codon. The upstream region also
has a RNA polymerase binding site (C-G-T-T-G-T-T-C-G-A-C-
C) at —73 to —62, followed by a Pribnow box (T-C-G-A-G-T-

T) at —55 to —49. Because transcription in E. coli generally starts
at a purine =~6-9 nucleotides downstream of the Pribnow box
(15), these promoter-like sequences suggested a transcription-
al start site at the A or G at position —43 or —42. S1 nuclease
mapping of total E. coli RNA hybridized to a single-stranded
probe extending beyond the proposed.start of the message has
confirmed that the 5’ end is at the G, 42 nucleotides up-
stream of the initiation codon (data not shown). Downstream
of the gene centered at nucleotide position +3,300 is a run
of nine Ts preceded by a sequence with dyad symmetry
(A-C-G-G-T-T-C-T-C-T-G-A-T-G-A-G-G-A-C-C-G-T). Both
features have been implicated in termination of transcription
in E. coli (15).

Characterization of the carB Structural Gene. The open
reading frame reported in Fig. 2 codes for a protein of 1,072
amino-acid residues with a calculated M, of 117,710. The amino
acid composition of the encoded polypeptide is almost identical
to two independently published (2, 16) amino acid compositions
of the large subunit of E. coli carbamoyl-phosphate synthetase.

To verify that the protein encoded in the long open reading
frame is the large subunit, we have determined the amino-ter-
minal residue and a partial carboxyl-terminal sequence of the

purified subunit. The amino-terminal residue was found to be

proline, corresponding to the first amino acid after the ATG
initiation codon of the gene. Presumably, the formylmethio-
nine residue is cleaved post-translationally. Digestion of the
large subunit with carboxypeptidase A failed to cleave the car-
boxyl-terminal residue. A similar digestion with carboxypep-
tidase B (specific for arginine and lysine) released lysine alone.
A combination of the two enzymes yielded the sequence of the
terminal seven residues. The established sequence was Glu-Met-
His-Ala-%g-Ile-Lys-COOH (Fig. 3). This sequence matches
the last seven residues encoded by the gene.

The agreement in the amino acid composition, the amino-
terminal residue, the carboxyl-terminal sequence, and the mo-
lecular weights provides strong evidence that the open reading
frame is the carB gene-coding for the large subunit of carbamo-
yl-phosphate synthetase.

Codon Utilization in the carB Gene. A list of codons and the
frequency of their usage in the carB gene is presented in Table
1. The codon bias is typical of other E. coli genes coding for
highly expressed proteins and, as previously noted (17, 18), re-
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Fic. 3. Carboxyl-terminal sequence of the large subunit of car-
bamoyl-phosphate synthetase. The third residue from the carboxy! ter-
minus is either glutamine or asparagine. However, the rate of release
is consistent with its being glutamine. A.A., amino acid.

flects the abundance of the cognate tRNAs in this organism.
The codon usage further supports a correct assignment of the
reading frame.

Sequence Homology of the Amino- and Carboxyl-Terminal
Halves of the Large Subunit of Carbamoyl-Phosphate Syn-
thetase. A dot matrix (19) of the amino acid sequence encoded
in the carB gene revealed an internal homology easily dis-
cernible to the eye. The best homology based bath on absolute

1- 50 P
553- 602

o x

51- 100 AITI1 M|T D|P E M A|D|A T|Y]I ITHW
603~ 652 E|T|V S{T DJY D T S|DJR L|Y|F VTL

101- 150 LE
653- 696 LE
151- 200 M|E|E[A[L A VIAJA D V[G|F)PIC I I|[RP S|FTHM
697~ 746 T{E|M{A]V E K|A|K E T|GJY|PJL V VIR P S|Y VL

201~ 250

K E LJLJI[DJE S[L|I G W K[E[Y EMEV VR
747- 795 AP VILILIDIHFILIDDAVIE[IVDVDATIC

251- 300
796- 842

R[T D|I K S]I|L IfL GJA v AC
S|T D|R E K|I|M VIL G|G NR GI
V{V|R K|I|T E K{E|R|PD A]V|L P T M|G G Q T|A|L|N CJA|L E
D{V|L E|I|V R T{E[K|P|K G|V]I V Q Y|G G Q T|P|L{K L]A|R A

301- 350 PRIVSIRISSALA[SKATG|F[PJIJAKVAA
- 843- 883 PRIAA[RITVPFV[SKATG|VIP[LIAKVAA

3si-400  1ofvlvvr[klrerREN
@sa- 933 PPRlylvsvlklevvLe

401- 450
934- 972

451- 500

VFENL[TINJI[DRWFLVQIEELVIRLEE
973-1016 THG-|T|A]IJ[VLGEAGTINPR|JL V[N

LAKLIA|JGVREAE KLRDO[QYIDLIHIP VIYIKRV|IDTICAAE [FATIDTIA]YMY STYIEIEE
SGRRIAJTEDSRYV RSAL[QVY|KV[H--]Y[---|DT|TLNGG|FATIAMAILNADATIEIKYV

501- 549
1017-1061

550~ 552 CEA
Isv

1062-1072 QEMHAQTI K-coon

Proc. Natl. Acad. Sci. USA 80 (1983)

Table 1. Frequency of codons in the carB gene

UUUPhe 8 UCU Ser 10 UAUTyr 9 UGUCys 6
UUC Phe 26 TUCC Ser 18 UAC Tyr 22 UGC Cys 8
UUALeu 3 UCA Ser 1 UAA Term 1 UGA Term 0
UUGLeu 56 UCG Ser 9 UAG Term 1 UGG Trp 4
CUULeu 2 CCUPro 1 CAUHis 4 CGU Arg 37
CUCLeu 5. CCC Pro 0 CAC His 11 CGC Arg 31
CUALeu 0 CCA Pro 8 CAAGIn 6 CGA Arg O
CUG Leu88 - CCG Pro35 CAG GIn 29 CGG Arg 1
AUUIle 31 ACU Thr12 AAUAsn 4 AGU Ser 3
AUCIle 39 ACC Thr40 .AAC Asn 32 AGC Ser 5
AUAlle 1 ACA Thr 1 AAA Lys 47 AGA Arg 0
AUGMet30 ACG Thr 7 AAGLys 9 AGG Arg 0
GUUVal 20 GCU Ala1l5 GAU Asp 22 GGU Gly 28
GUC Val 13 GCC Ala 21 GAC Asp 42 GGC Gly 51
GUA Val 14 'GCA Ala13 GAA Glu 66 'GGA Gly 2
GUG Val 47 GCG Ala63 GAG Glu 25 GGG Gly 2

Term, termination. Initiation codon not included.

identities and conservative -amino acid replacements is found
between residues 1-400 and residues 553-933 (Fig. 4). These
two regions of the protein exhibit 39% identical residues and
an additional 25% conservative replacements. These values were
obtained with only four minor adjustments for deletions and
insertions. One of the deletions is in a region (residues 101-112)

with a short duplication of six amino acids (L-E-::g-C-V). The
sequences included from residues 401 to 552 and 933 to 1,072
also appear. to be homologoeus: 25% of the amino acids are iden-
tical and 20% represent conserved replacements. This homol-
ogy was not evident in the dot matrix and required seven dele-
tions or insertions over a considerably shorter sequence. In this
region, also, two of the deletions occurred over a short-internal

CKIALRE|EIG Y[R VIIIL S
SLIALRE|IDIG Y|E T|I|M C

SGAQ
CVH

LMNDITG[GR[T]PASF
Qov-men- vtk - - -

Fi6. 4. Comparison of the deduced amino acid sequences of the amino-terminal half (residues 1-552) and the carboxyl-terminal half (residues
553-1,072) of the large subunit of carbamoyl-phosphate synthetase. The two sequences have been aligned for maximal homology.
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duplication (L-V-g:i-E-E) (residues 462-473). The alignment

of the last 150 residues shown in Fig. 4 achieves the best ho-
mology, although other alignments are possible.

The homology between the two halves of the protein was
confirmed when the amino acid sequence was analyzed by us-
ing the ALIGN program (20). The computer analysis showed
that the sequences 1-400 and 553-933 have an align score of
26.51. With the exception of human plasminogen and the a-2
chain of human haptoglobin (20), this is, to the best of our
knowledge, the most significant score for internal homology yet
reported.

There is also significant homology in the DNA sequence of
the gene coding for the first and second halves of the protein.
When the gene sequences were aligned to match the alignment
used for the protein (Fig. 4), the overall homology between the
two halves of the sequence was 47%.

DISCUSSION

We have used a recombinant plasmid with the car operon of
E. coli K-12 to sequence the carB gene for the large subunit of
carbamoyl-phosphate synthetase. The size, amino acid com-
position, and carboxyl- and amino-terminal features of the poly-
peptide encoded by carB match those of the isolated large sub-
unit. The upstream and downstream regions of the gene have
conventional sequences for transcription- and translation-re-
lated recognition sites and transcriptional termination. Both the
upstream sequences and the results of S1 nuclease mapping
indicate that carB can be separately transcribed and that the
message size is 123-127 nucleotides longer than the reading
frame. In addition to a transcript corresponding in size to the
carAB operon, a smaller transcript of =3.4 kb was also de-
tected in RNA transfer blots of total E. coli (RR1) RNA probed
with a fragment of DNA from the carB gene (data not shown).

Analysis of the deduced amino acid sequence of the large
subunit shows that the two halves of the protein are highly ho-
mologous. The homology is especially strong in the regions de-
fined by residues 1-400 and 553-933. The sum of these two
regions constitutes =~73% of the total sequence. This finding
provides strong evidence that the present form of the gene re-
sulted from a single duplication of an ancestral gene half the
size of carB. Although there are known examples of prokaryotic
genes that have evolved by duplication, the carB gene is un-
usual in several respects. The duplication in carB is at least 10
times longer than the internal duplications found in bacterial
ferredoxin, rubredoxin, and cytochrome c; (20). Secondly, the
internal homology in carB is significantly higher than in the
above proteins, suggesting either a more recent duplication or
a higher degree of constraint on the primary structure. There
are no data bearing on the identity of an ancestral gene. A pos-
sibility is that the precursor is related to the gene for carbamate
kinase. This enzyme normally catalyzes ATP synthesis from ADP
and carbamoyl phosphate formed in the arginine dihydrolase
pathway of organisms such as Mycoplasma (21), Streptococcus
(21), and Pseudomonas (22).

The homology of the two halves of the large subunit of car-
bamoyl-phosphate synthetase could explain some previous
findings on the catalytic properties of the enzyme. Even though
the enzyme is active as a monomer, it nonetheless exhibits al-
losteric behavior (23). Binding studies have shown one site for
each of the ligands UMP, IMP, and ornithine (24). If the two
halves of the protein fold as separate domains, these domains

Proc. Natl. Acad. Sci. USA 80 (1983) 4633

will be equivalent to two subunits hinged together (25). Binding
of an allosteric ligand to one half could then induce a confor-
mational change in the second half of the protein. Further-
more, there is evidence for two separate but nonidentical ATP
binding sites (26, 27). The two sites could reflect the duplicated
structure. It will be of interest to determine whether these sites
are located in the two halves of the protein and have diverged
with time, resulting in a concomitant change in function. The
availability of the protein sequence and recognition of the du-
plicated structure should help in devising experiments to eval-
uate the function of each half of the protein in the catalysis of
carbamoyl-phosphate synthesis and its regulation.
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